It has been found that the principal biochemical pathway activated in B cells stimulated by antigen-or anti-immunoglobulin-mediated crosslinking of surface immunoglobulin is that resulting in hydrolysis of phosphatidylinositol bisphosphate with generation ofdiacylglycerol and inositol trisphosphate. Recent evidence suggests that surface immunoglobulin-mediated B-cell activation can proceed without detectable increases in the concentration of either diacylglycerol or intracellular Ca2+ concentration, implicating involvement of other non-protein-kinase-C/Ca2+-dependent signal-transduction pathways. Therefore, we sought evidence for activation of a signalin pathway that is associated with growth regulation in other cell types-i.e., the protein-tyrosine kinases. We now show that crosslinking of membrane immunoglobulin by mitogenic antibodies leads to rapid tyrosine phosphorylation of several cellular substrates, consistent with the induction of a tyrosine kinase activity. This increase in tyrosine phosphorylation is weakly (if at all) stimulated by other B-cell mitogens, including phorbol esters and ionophores, and does not require the presence of detectable protein kinase C. Furthermore, inhibition ofanti-immunglobulin-stimulated phosphatidylinositol bisphosphate hydrolysis does not inhibit activation of this tyrosine kinase-dependent pathway. These findings suggest that occupancy of the membrane immunglobulin receptor may induce multiple pathways of activation.
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Antigen interaction with the B-cell surface immunoglobulin (sIg) receptor stimulates resting B cells to proliferate and, in the presence of T cells or T cell-derived lymphokines, to secrete immunoglobulin (1) (2) (3) (4) . While the biochemical mechanisms that underlie B-cell activation are beginning to be unraveled, there is one pathway of activation that has received considerable attention. Many investigators have demonstrated that crosslinking of sIg leads to hydrolysis of phosphatidylinositol bisphosphate (Ptdlns-P2) with the generation of diacylglycerol and inositol trisphosphate (InsP3) (5) (6) (7) (8) (9) . The released diacylglycerol activates protein kinase C (PKC) (10) , and inositol trisphosphate leads to a rise in intracellular calcium ([Ca2+Ji) (11) . This pathway was thought to be the major, if not only, sIg-mediated signaling pathway in B cells. We and others have demonstrated that antiimmunoglobulin (anti-Ig)-mediated B-cell stimulation can proceed in the absence of cellular PKC, implicating a role for a non-PtdIns-P2-dependent pathway of sIg activation (12, 13) . More recently, we have shown that dextran-conjugated anti-Ig at pg/ml concentrations stimulates B-cell proliferation in the absence ofdetectable PtdIns-P2 hydrolysis or increases in [Ca2+] , (14, 15) , thus also raising the possibility that other PtdIns-P2-independent pathways are being recruited during sIg-mediated signaling. A third line of evidence supporting this possibility was our recent finding that inhibition of anti-Ig-stimulated PtdIns-P2 hydrolysis by PKC activators enhanced rather than suppressed B-cell proliferation (16) . These findings led us to examine other pathways ofactivation stimulated by sIg crosslinking.
Protein-tyrosine kinase (PTK)-dependent signaling pathways have been described in a number ofcell types, including T cells (17) . In T cells the src-like PTK designated lck has been shown to be noncovalently associated with the CD4 and CD8 molecules (18, 19) . Monoclonal antibody-mediated crosslinking of the-CD4 molecule leads to Ick activation and T-cell receptor ; chain phosphorylation (20) ; CD3 itself appears to be noncovalently associated with fyn, another src-related molecule (21) that may be important for some of these phosphorylation events.
In view of the many similarities between T-and B-cell modes of activation and the recent report of Dymecki et al. (22) demonstrating the existence of a B cell-specific tyrosine kinase, we examined normal resting B cells for enhanced PTK activity after crosslinking of sIg. The results show that this induces the rapid appearance of a number of tyrosinephosphorylated substrates, while B-cell activation that was stimulated via sIg-independent pathways did not result in any increase in PTK activity. In addition, neither PtdIns-P2 hydrolysis nor the presence of PKC was required for this induction, suggesting multiple pathways of activation.
MATERIALS AND METHODS
Mice. DBA/2J and C57BL/6J mice at 8 weeks of age were obtained from The Jackson Laboratory. CBD2 F1 females were from the National Cancer Institute.
Antibodies and Other Reagents. The monoclonal anti-T-cell reagents anti-Thy-1.2 (clone 30-H12) (23), anti-CD4 (clone GK1.5) (24), and anti-CD8 (clone 53-6.7) (23) were grown as ascitic fluid in nude mice. The mouse monoclonal antibody against rat immunoglobulin K light chain, chain Mar 18.5 (25) , was produced by cells grown in tissue culture. The monoclonal antibody (H~a/1) (26) with specificity for the heavy chain of IgD (8) was grown in nude mice. Antibodies were purified as described (27) . Two rabbit antibodies to phosphotyrosine [anti-Tyr(P)] were used to detect phosphotyrosine: the first was from rabbits immunized with autophosphorylated v-abl kinase in complete Freund's adjuvant [antiTyr(P)-v-abl] (28), and the second was from rabbits immunized with phosphotyrosine coupled to keyhole limpet hemocyaninin [anti-Tyr(P)-KLH] (29). Both antibodies were purified by ammonium sulfate fractionation followed by affinity purification on a phosphotyramine-agarose column 
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for the anti-Tyr(P)-v-abl or on a phosphotyrosine-agarose column for the anti-Tyr(P)-KLH. Leupeptin and ionomycin were from Calbiochem, bovine serum albumin and radioiodinated protein A (with a specific activity of >30 ,.Ci/pg; 1 Ci = 37 GBq) were from ICN, and all other reagents were from Sigma.
B Cells. Resting B cells were purified from spleen-cell suspensions as described (30) . T cells were depleted with antibodies to T cells followed by an enhancing antibody and complement. Resting B cells were purified on Percoll gradients, and cells banding at the 65-70o interface that were >95% Ia' by surface staining were used as resting cells.
Extraction of Phosphotyrosine-Containing Proteins. B cells (1.5 x 107 cells) were usually cultured at least 30 min in 1 ml in Microfuge tubes, stimulated for 5 min, and centrifuged briefly in an Eppendorf Microfuge. Supernatant was removed, and the pellet was extracted with 0.1 ml of the following extraction buffer (lx): 150 mM NaCl/0.5% Triton X-100/50 mM Tris, pH 7.6/1 mM Na3VO4/5 mM EDTA/10 ,ug of leupeptin per ml/10 pug of aprotinin per ml/10 mM iodoacetamide/1 mM phenylmethylsulfonyl fluoride/10 mM NaF/10 mM Na2H2P207. In one experiment (see Fig. 2 ), a lOx extraction buffer (in the absence of NaCl and Tris) was used; when this buffer was used the cells were cultured in 0.1 ml, and 0.01 ml of lOx buffer was added directly to the cell suspension. Extractions were carried out for 30 min on ice, and lysates were centrifuged 15 min at 12,000 x g at 4°C, boiled with 2x Laemmli sample buffer, and run on a sodium dodecyl sulfate (SDS)/10% polyacrylamide gel.
Immunoblotting (Western Blotting). After the SDS/PAGE, proteins were transferred to 0.45 ,M nitrocellulose paper, and filters were incubated overnight in 50 mM Tris/150 mM NaCl/0.02% NaN3 (TS buffer) containing 3% bovine serum albumin. Filters were then incubated for 3 hr with antiTyr(P), washed in TS buffer containing 0.5% bovine serum albumin and 0.2% Nonidet P-40 for 1 hr with four changes of buffer, and labeled with radioiodinated protein A for 1 hr (0.5
,uCi/ml). Filters were then washed for 1 hr with our changes of TS buffer containing 0.5% bovine serum albumin and 0.2% Nonidet P-40 and then for 1 hr with our changes of TS buffer and were exposed to x-ray film (Kodak XAR-2).
RESULTS

Crosslinking of slg Leads to Appearance of Phosphotyrosine
Proteins. To determine whether a PTK-specific pathway could be activated, we stimulated purified murine B cells with a monoclonal antibody to IgD. Lysates were prepared and analyzed by SDS/PAGE. After transfer to nitrocellulose, the blot was blocked for 18 hr with 3% bovine serum albumin and divided into two parts; one part was immunoblotted with anti-Tyr(P)-v-abl ( Fig. 1 Left, lanes A) and the other with anti-Tyr(P)-KLH ( Fig. 1 Left, lanes B). Both anti-Tyr(P) antibodies are specific for phosphotyrosine, and their activity is inhibited when phosphotyrosine is added together with the antibody during the immunoblotting. Multiple bands were detected with both antibodies (Table 1) . Some bands were detected by both reagents, while others were preferentially detected with either anti-Tyr(P)-v-abl or anti-Tyr(P)-KLH. (Fig. 3) . Lipopolysaccharide induces B-cell proliferation in the absence of increases in phosphoinositol metabolism, whereas antiLyb2.1 stimulates B-cell proliferation (31, 32) and PtdIns-P2 hydrolysis (32) . Phorbol The molecular weight of the phosphorylated proteins in Fig. 1 Left was calculated by linear regression. stimulated by anti-Ig, they induced no increases in substrate PTK phosphorylation, nor did addition of other monoclonal antibodies with specificity to other immunologically relevant surface determinants (including Ia and B220) induce detectable increase in tyrosine phosphorylation.
PKC Independence of Tyrosine Phosphorylation. Although phorbol dibutyrate by itself did not stimulate new tyrosine phosphorylation, we wished to rule out a role for PKC in PTK activation mediated by slg crosslinking; we cultured B cells overnight with phorbol dibutyrate at 100 ng/ml, which depletes PKC enzymatic activity in B cells (42) and depletes detectable PKC as measured by Western blotting (12) . PKCdepleted B cells showed increases in tyrosine phosphorylation after slg crosslinking albeit with a reduced number of phosphorylated substrates. While this demonstrates that sIg-mediated increases in PTK activity can occur in the absence of PKC, it suggests that PKC depletion could influence this pathway of activation (Fig. 4 ,ug/ml, phorbol dibutyrate (PDBU) at 100 ng/ml, ionomycin (IONO) at 1 ,uM, and with both phorbol dibutyrate and ionomycin (PDBU+IONO). Proteins were then extracted and analyzed as in 
DISCUSSION
This study establishes that sIg-mediated B-cell stimulation induces not only a PtdIns-P2-dependent but also a PTKdependent biochemical pathway of activation that can occur in the absence of detectable PtdIns-P2 hydrolysis. This extends our previous work showing that anti-Ig-mediated activation can proceed both in the absence of detectable cellular PKC (12) as well as in the absence of detectable increases in [Ca2+]i (14) . Whether PtdIns-P2 hydrolysis, however, depends on a PTK-requiring step is not clear, although recent evidence suggests that in T cells activation of PTK precedes activation of phospholipase C activity (33, 34) . These studies have shown that in the presence of inhibitors of PTK, ligation of the T-cell antigen receptor no longer stimulates increase in [Ca2+]i or in inositol phosphates (34) .
The kinetic study (Fig. 2) showing that tyrosine phosphorylation in anti-Ig-stimulated B cells is rapid and occurs within 10 sec [at which time we have noted small but reproducible increases in inositol phosphate isomers (35) ] suggests that in B cells PKC activity may also depend on stimulation of PTK activity.
In comparing our studies to those of other investigators reporting on tyrosine phosphorylation in T cells, it appears that some, but not all, of the tyrosine-phosphorylated substrates are of similar molecular weights (36 (37, 38) . Since both the number and the identity ofthe substrates being phosphorylated depend on the antibody used for immunoblotting (see Fig. 1 ), it is possible that many of the differences that are observed between T cells and B cells may reflect the differences in antibody specificity rather than actual differences in the nature of the substrate being phosphorylated.
Interestingly, induction ofPTK activity was observed only in B cells that were stimulated with anti-8 chain or anti-IL chain antibodies. Addition of other mitogens including lipopolysaccharide and anti-Lyb2 was without effect, as was the addition ofantibodies that bound to B cells but did not induce proliferation, including anti-Ia and anti-B220. Since the combination of phorbol esters and calcium ionophores has been thought to stimulate B-cell proliferation via the same biochemical pathway as that stimulated by anti-Ig (39-41), we sought to examine whether this mitogenic combination would stimulate increases in phosphotyrosine substrates. Despite high levels of thymidine incorporation that were stimulated by phorbol dibutyrate and ionomycin (15) , there was no increase in phosphotyrosine substrates. The PKC independence of this PTK-dependent event was also seen from experiments that demonstrated that the presence of cellular PKC was not required for anti-Ig to stimulate induction of new tyrosine phosphorylation. Taken together, these results show that crosslinking sIgM or sIgD on B cells, even under conditions that do not stimulate detectable levels of PtdIns-P2 hydrolysis rapidly, is able to stimulate a PKC-independent PTK pathway. The evidence that PKT is associated with growth regulation in many cellular systems is substantial, and in this study we demonstrate that the B-cell antigen receptor is also coupled to such a pathway.
